The luminescence of fifteen representative Eu 2+ -doped phosphors used for white-LED and scintillation applications is studied through a Constrained Density Functional Theory. Transition energies and Stokes shift are deduced from differences of total energies between the ground and excited states of the systems, in the absorption and emission geometries. The general applicability of such methodology is first assessed: for this representative set, the calculated absolute error with respect to experiment on absorption and emission energies is within 0.3 eV. This set of compounds covers a wide range of transition energies that extents from 1.7 to 3.5 eV. The information gained from the relaxed geometries and total energies is further used to evaluate the thermal barrier for the 4f − 5d crossover, the full width at half-maximum of the emission spectrum and the temperature shift of the emission peak, using a one-dimensional configuration-coordinate model. The former results indicate that the 4f −5d crossover cannot be the dominant mechanism for the thermal quenching behavior of Eu 2+ -doped phosphors and the latter results are compared to available experimental data and yield a 30% mean absolute relative error. Finally, a semi-empirical model used previously for Ce 3+ -doped hosts is adapted to Eu 2+ -doped hosts and gives the absorption and emission energies within 0.9 eV of experiment, underperforming compared to the first-principles calculation.
I. INTRODUCTION
Eco-efficient light-emitting diodes (LEDs) are increasingly used as new-generation light sources for general white lighting, with blue-or UV-LED generating the highest frequency photons, and phosphors downconverting some of these photons to lower visible frequencies. The Nobel Prize in Physics 2014 was awarded to the blue-LED inventors in view of the physical and technological challenges they have overcome, and the impact of this achievement. As a key component, phosphors have an important effect on the performance of the white-LEDs, especially on the correlated color temperature (CCT) and color-rendering index (CRI). [1] [2] [3] For this reason, the US Department of Energy has defined a 2020 target for the green and red-emission converters, which mentioned that the developed phosphors should possess a narrow emission band with high thermal stability.
4-8
Accordingly, a lot of efforts have been devoted to the development of efficient rare-earth (RE) ion doped phosphors, especially the narrow-band green/red emission Eu 2+ -doped ones. However, most of these efforts have relied on (semi)empirical insights. One typical example is the recently developed Sr[LiAl 3 N 4 ]:Eu 2+ (denoted as SLA:Eu later), that might become the next-generation commercial red phosphor.
1 Even though excellent optical properties such as red emission color (650 nm), small full-width at half-maximum (FWHM ∼50 nm), high thermal stability (>95% relative to the quantum efficiency at 450 K) are experimentally obtained, the exact origin of these superior properties is still unknown. Also, two inequivalent Sr 2+ sites exist for the Eu 2+ substitutional doping in this host, while only a single narrow emission peak has been observed. The luminescent center in this phosphor has not been determined yet. To address these questions, a quantitative understanding of the optical behaviour of Eu 2+ -doped phosphors, at the atomic scale, is urgently needed.
Theoretical modeling of the luminescence of RE ions in inorganic compounds dates back to the 1960s when the Judd-Ofelt theory was proposed to analyze the 4f → 4f transitions in RE ions by fitting parameterized Hamiltonians of 4f electrons. 9, 10 This theory has been recently extended to depict the 4f → 5d transition of RE ions. [11] [12] [13] However, the complex parameter fitting procedure severely limits its usage to a small number of compounds, even with the aid of Ligand Field Density Functional Theory (LFDFT). [14] [15] [16] Beside these works, several other efforts have been conducted to understand the luminescence of 4f → 5d neutral excitation of RE ions in inorganic compounds, based on ab-initio quantum chemistry finite-cluster (QCFC) method or semiempirical analysis. [17] [18] [19] [20] [21] [22] For example, the QCFC method has been widely used in the analysis of Ce 3+ -doped materials, to identify the luminescent center, based on the absorption spectrum. 17, 18, [23] [24] [25] For the semi-empirical analysis, the most widely used model was proposed by Dorenbos, who quantified the nephelauxetic effect and crystal field splitting of RE 5d state. [19] [20] [21] This model provides correct general trends for the absorption properties of Ce 3+ -doped phosphors.
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Despite such achievements, limitations are present in these two approaches. Indeed, on one hand, the QCFC method does not account for electronic and vibrational properties of the host which are crucial for predicting the thermal quenching behavior and FWHM of the emission peak. [26] [27] [28] Also, this cluster method is limited to the quantitative analysis of the luminescence of Ce 3+ ion due to its simplest electronic configuration, 4f 0 5d 1 , in the excited state.
14 On the other hand, for the semiempirical method, quantitative predictions are obtained through fitted parameters for specific classes of compounds. These fitting procedures have only been done for fluoride, oxide and nitride-based compounds with Ce 3+ doping. Such analysis for the Eu 2+ -doped materials is not yet available, although several quantitative relationships for the luminescence of Eu 2+ and Ce 3+ ions in the same inorganic host have been found. 29 Another problem of this semi-empirical approach is that the analysis only focuses on the absorption process, while the emission process and Stokes shift are not considered due to the lack of experimental data related to the relaxed excited-state crystal structure.
In our recent work, we have studied the luminescence of more than a dozen Ce 3+ -doped phosphors based on first-principles calculations. 30, 31 In this context, we have assessed the accuracy of a theoretical methodology to obtain the transition energy and Stokes shift of Ce 3+ -doped phosphors. The method is based on a Constrained Density Functional Theory (CDFT) and ∆SCF analysis of the total energies. For the sake of brevity, we will denote this approach as ∆SCF method. The general applicability of the ∆SCF method has been investigated: the obtained transition energies match experimental data within 0.3 eV in general, over a range that extents from 2 to 5 eV. In addition, the ground and excited structural information from the ∆SCF method has been used to parameterize the Dorenbos's semi-empirical model, and extend its predicting ability from the absorption process to the emission process.
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In this paper, we consider similarly the ∆SCF method for the analysis of the luminescence of Eu 2+ ion in inorganic materials. We aim to: (1) assess the accuracy of the ∆SCF method in obtaining the absorption and emission transition energies and Stokes shifts for such Eu 2+ -doped phosphors; (2) obtain an evaluation of the thermal energy barrier for the 4f −5d crossover, FWHM and the temperature shift of the 5d → 4f emission peak based on the simple one-dimensional configuration coordinate model (1D-CCD); (3) fit the Dorenbos' semi-empirical model for the analysis of Eu 2+ -doped phosphors for both absorption and emission states, and compare the resulting accuracy of the ∆SCF method to the Dorenbos' semiempirical model.
The work is thus structured as follows. In Section II, we first describe the ∆SCF method in the case of Eu 2+ -doped phosphors. The theoretical method to obtain the 4f − 5d thermal barrier, FWHM and temperature shift for the emission peak is then explained. We also present the Dorenbos' semi-empirical model in the case of Eu 2+ -doped phosphors. In Section III, absorption, emission energies, and Stokes shifts, from the ∆SCF method are first presented, and compared with experimental data, for fifteen representative Eu 2+ -doped materials. Then, the very same information (total energies and relaxed geometries) from the ∆SCF method allows us to evaluate the energy barrier for 4f −5d crossover, FWHM and temperature shift of Eu 2+ -doped materials within the framework of the 1D-CCD, and fit the proposed Dorenbos' semiempirical model. The conclusions are given in Section IV.
II. METHODOLOGY
In this section, we first present the methods and procedures that are required to compute the ground state configuration, and related numerical parameters. We then focus on the excited state. Afterwards, we introduce the configuration coordinate diagram and its byproducts: optical properties, including the transition energies and Stokes shifts, approximate thermal quenching barrier for the 4f − 5d crossover, FWHM and related temperature shift, fully from first-principles. We also extend the Dorenbos' semi-empirical model for the analysis of Eu 2+ -doped phosphors.
A. Ground-state calculation
The calculations have been performed within densityfunctional theory (DFT) using the projector-augmented wave (PAW) method as implemented in the ABINIT package. [32] [33] [34] [35] [36] Exchange-correlation effects were treated within the generalized gradient approximation (GGA-PBE) 37 , with the addition of a Hubbard U term for the 4f states of the Eu ion.
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Such U term was crucial to obtain the experimentally well-established presence of Eu 4f levels inside the band gap, a defining characteristics of such efficient luminescent materials. 30, 39, 40 The U value was fixed to 7.5 eV for all fifteen representative Eu 2+ -doped materials, as in our earlier study of two Eu 2+ -doped barium silicate oxynitrides. 39 It was checked that deviation by up to ± 1.0 eV in the U value had little (< 0.1 eV) impact on the transition energies. The same U value successfully places the Eu 4f states in the band gap for the fifteen Eu 2+ -doped materials, making the comparison with experiment free of adjustable parameters. However,we want to point out that we also tried CaO:Eu with the same U value, and it correctly placed the Eu 4f states in the band gap for the ground state, but not for the excited state, as seen in Section III A.
All the PAW atomic datasets were taken from the ABINIT website. 41 The calculations were based on the supercell method, in which the primitive cell of the host is repeated to form a large (non-primitive) cell, and one of the suitable cations is replaced by a Eu 2+ ion. Structural relaxation and band structure calculations were converged to 10 −5 Hartree/Bohr (for residual forces) and 0.5 mHa/atom (for the tolerance on the total energy). In all these calculations, a kinetic-energy cutoff of 30 Ha for the plane-wave basis set was used. A larger kineticenergy cutoff of 40 Ha has been used to test the convergence in several cases. The result indicated that the energy cutoff of 30 Ha provided a converged result within 0.1 eV for the transition energies. More details on the performed calculations, including the supercell size, Eu 2+ ion concentration and k-point grid for the fifteen representative Eu 2+ -doped materials, are listed in the Appendix.
Although the spin-orbit coupling can play some role in the electronic structure of Eu compounds, it has been neglected in the present study. Indeed, for the Eu 2+ ion, the spin-orbit coupling will not yield multiplet splitting of the ground state configuration with 4f 7 . By contrast, spin-orbit coupling will have a strong effect on the excited state electron configuration, 4f 6 5d 1 . Focusing on the 4f 6 term, there is a multiplet splitting 7 F J (J = 0-6) occurring in the absorption spectrum. However, in the present work, we only focus on the lowest energy excited state in this multiplet and do not attempt to describe the other excited states. Therefore, spin-orbit coupling was not explicitly included.
B. Excited state calculation
Even though ground-state DFT+U correctly places the Eu 4f states inside the band gap, the Eu 5d states are not found within the band gap for most of the fifteen cases, which is opposite to the experimental results, as the Eu 2+ ion gives an efficient luminescence in all these compounds. Therefore, the optical properties of these RE-ion doped phosphors must be treated by an excitedstate theory. The 4f → 5d excitation is a neutral excitation, and the Bethe-Salpeter Equation (BSE) of ManyBody Perturbation Theory (MBPT) 42 is considered state of the art to treat such neutral excitation. However, the computational load and memory needs for such approach are prohibitive for supercells of about fifty to one hundred atoms like in the present work. Instead of the standard BSE method, in our previous study, following the works of Canning et al, 43, 44 we have simulated the 4f → 5d neutral excitation of Ce 3+ ion on the basis of the ∆SCF approach. Although the use of the ∆SCF approach is theoretically founded for the lowest state of each symmetry representation, 45 the rotational symmetry is broken here. So, like in previous studies using ∆SCF, we work beyond formal justification. The electron-hole interaction, an essential contribution in the BSE, is mimicked by promoting the Ce 4f electron to the Ce 5d state: we constrain one 4f -type band to be unoccupied, while occupying the lowest 5d-type band lying higher in energy. 7 configuration. Therefore, the usage of the ∆SCF method is relatively straightforward in Ce 3+ -doped materials, while special attention must be paid to the electron occupancy of the excited state in the study of Eu 2+ -doped phosphors. We found that the promotion of the highest 4f electron of the Eu 2+ ion provides the best results for the ∆SCF method (also the lowest energy). The alternative equal depletion of all 4f states by an amount of 1/7 lead to the unphysical hybridization of all the 4f states with the valence band of the host material. With the promotion of the highest 4f electron, the 4f -type bands split into one unoccupied band that stays within the gap, and six occupied bands that shift downwards, actually hybridizing inside the valence band. Fig. 1 depicts such electron occupancies for the ground and excited-state calculations of Eu 2+ -doped phosphors. We also considered CaO:Eu in addition to the list of fifteen materials, but in this case, all seven Eu 4f states enter the valence band, so we cannot localize one additional hole on the Eu ion, and moreover the Eu 5d state does not appear inside the band gap. We expect that a higher-level DFT approximation that is able to correct the band gap, like an hybrid functional, might be needed.
The 1D-CCD diagram shown in Fig. 2 , provides a simple representation of the combined effect of electronic excitation and geometry relaxation. It depicts the BornOppenheimer potential energy of a system containing Eu 2+ ion in its ground and excited state (curves 4f and 5d) respectively, as a function of one generalised configuration coordinate Q, connecting the ionic coordinates of the system for the electronic ground and excited states.
Such a one-dimensional representation ignores the full complexity of all possible collective nuclei displacements that might play a role in the detailed description of the luminescence process, but instead focuses on the single most relevant one.
48-50 Q g and Q e represent the equilibrium configuration coordinates for the system with Eu 2+ ion in its ground and excited states, respectively. The horizontal lines inside the curves 4f and 5d denote the energy levels of the system in which the quantization of vibrational motion is taken into account. When a photon is absorbed by the Eu 4f electron, the Eu 2+ ion will be excited from its ground state to the excited state, corresponding to A g →A * g . After the absorption, the system will be out of equilibrium due to the change in the electronic configuration of the Eu 2+ ion. The atomic positions are then relaxed following the forces in the electronic excited state, which is represented by the process A * g →A * e in Fig. 2 . After this lattice relaxation, the system reaches a new metastable state, at which the emission process A * e →A e occurs. The cycle is completed by the lattice relaxation A e →A g in the electronic ground state. Based on this idea, the absorption/emission energy, Franck-Condon shifts and the Stokes shift of Eu 2+ -doped phosphors can be determined semi-classically as follows. The absorption process, with energy
is followed by multi-phonon emission, with FranckCondon shift in the excited state
Then the photon emission proceeds, with energy
and the system relaxes into the electronic ground state, with a release of energy given by the Franck-Condon shift in the ground state
The two Franck-Condon shifts combine to give the observable Stokes shift
Sometimes, experiments yield also the zero-phonon line that corresponds to
The calculation of the zero-point motion from first principles is available inside the ABINIT software 51, 52 but the effect is small, and computationally expensive for such materials and therefore has been left for further study.
These semi-classical absorption and emission energies, as well as the Stokes shift, can be directly compared with experimental data and can be used to identify the luminescence site.
This approach can also provide other quantities of interest without performing additional first-principle calculations. Indeed, by assuming parabolicity it is possible to extract the 1D-coordinate of a crossing point (if any), and thus, an estimate (upper bound) for the energy barrier needed to have 4f − 5d crossover. 48 This in turn gives some information on the likelihood of a 4f − 5d nonradiative recombination. In fact, there is a debate about the thermal quenching mechanism for the luminescence of RE ion doped phosphors. Two mechanisms are often invoked: the auto-ionization and the 4f − 5d crossover.
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The corresponding energy barriers for the two processes are E dC and E fd , respectively, as shown in Fig. 2 . Following the 1D-CCD model, the geometry for the 4f − 5d crossover, Q fd , would be the linear combination of the Q g and Q e geometries. As a result, we define Q fd as:
The curvatures of the ground-state and excited-state parabola are directly deduced from the Franck-Condon shifts. They might be different, and we define a parameter to show the difference of curvatures of ground and excited state, ∆C as follows:
Then, solving the second-degree equation that defines the crossing point, one gets 1/x as:
The thermal quenching barrier, E fd can be finally determined by:
This result reduces to
when the curvatures of ground and excited state are identical (∆C = 0), which is also the result of a recent work.
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Beside the information on the thermal energy barrier for the 4f − 5d crossover, the 1D-CCD model can also be used to calculate approximately the main characteristics of the luminescence spectrum line, as shown for some doped semiconductors, MgO, ZnO and GaN, with a nice agreement between experiment and theory.
53 At variance with doped semiconductors, the optical transitions of RE-doped phosphors have an intra-atomic 4f ↔ 5d characteristic, with a ground state or excited state that is more localized than the transition in such semiconductors. Thus, it is worth to test the outcome of such 1D-CCD model for the luminescence spectrum line shape of RE-doped phosphors.
For this purpose, one supposes that the large number of vibrational modes contributing to the line shape can be simplified into one effective vibrational mode. The parameters entering the 1D model are the normal coordinate Q (connecting Q g and Q e ), the displacement of the nuclei at the potential energy minimum ∆R, the modal mass M of the effective vibration, and the effective vibrational frequencies Ω g and Ω e . These parameters can be calculated as follows:
where α denotes atoms in the supercell calculation, i denotes the Cartesian directions, m α is the mass of atom α and the R αi,g(e) are the atomic coordinates in the ground and excited states, respectively. The modal mass M is an average of the masses of the ions involved in the displacement, weighted by the square of the nuclei displacements. Based on the effective vibrational model and the total energy obtained through the ∆SCF method, the effective vibration frequencies are:
Then, the Huang-Rhys factors that denote the average numbers of phonons emitted in the ground-and excitedstate geometry can be obtained as:
Treated quantum mechanically, the harmonic oscillator in the excited state will yield a series of quantized energy levels, and their corresponding wavefunctions. The luminescence emission spectrum line shape at 0 K can be expressed using matrix elements of the transition, as:
, (19) where I 0 is a normalization factor, E ZPL is the energy of the zero-phonon line and δ is a broadened Dirac function. To treat Eq. (19), a semi-classical approximation can be used to describe the expectation value of Q and compute the density of transition as a function of the emitted energy. From there, the FWHM of the emission peak, W at 0 K can be calculated as: 49, 54 
At temperature T , the FWHM can be expressed as
where k B is the Boltzmann constant. Also, the energy shift of the emission peak with temperature can be calculated as:
In Eqs. (15)- (22), we consider the general case in which the effective phonon frequency of ground and excited states can be different. If Ω g is equal to Ω e , Eqs. (20)- (21) are the same as the expressions presented in Ref. [28] . Somehow, Our analysis will actually need to improve on Eqs. (20) (21) (22) . Indeed these equations assume that the harmonic approximation is valid for the entire range of Q values, from Q g to Q e , for both the ground state and the excited state, and afterwards linearize the behaviour of the ground state around Q e . Instead, we will find later that while the harmonic approximation is valid for the ground state, in some cases the excited state energy is not well represented by a parabola. Actually, one can reformulate Eqs. (20) to use the harmonic approximation only in a neighborhood of Q e for the excited state, thus rely on the curvature at Q e , and to use of the local slope of the ground-state energy curve at Q e , instead of relying on an data that involves information over the full Q g to Q e range, assuming harmonicity. In this context, Eqs.(15)-18) are not valid anymore.
We reformulate Eq. (20) as follows. The full width at half maximum of the probability density of the lowest state of a one-dimensional harmonic oscillator with potential energy E(R) and mass M , W P D , is given by
The oscillator frequency Ω is directly linked to the curvature of the potential energy expressed as a function of the normal coordinate Q = M 1/2 R:
These equations will be used for the spread of the probability to find the excited state around Q e . The semiclassical approximation is completed by supposing that the spread of the probability in R translates linearly to a spread in energy for the emission, by way of the linear slope of E g (R) evaluated at Q e . Thus, the following equation replaces Eq. (20),
where only local information around Q e are used. If the harmonic approximation is valid for the groundstate energy E g in the entire range Q g to Q e , its slope is
and Eqs. (15) and (18) are valid again, giving
Of course, this equation reduces to Eq. (20) in case the excited state energy E e is harmonic, or equivalently, if Eqs. (16) and (17) are valid. In section II.C, in order to analyze the main effect of the anharmonicity of the excited state on W (0), we will rely on the proportionality of W (0) to
evaluated at Q e , which is a consequence of Eqs. (27) and (24) at constant ∆Q and of the validity of the harmonic approximation for the ground state.
D. Dorenbos' Semi-empirical model
To assess our first-principle calculations of the transition energies and Stokes shift, we also studied the Dorenbos' semi-empirical model for the absorption and emission processes in Eu 2+ -doped materials (see Fig. 3 ). At present, quantitative expressions for the energy of the first allowed 4f → 5d transition of the Ce 3+ ion in inorganic materials have been proposed by Dorenbos, for selected anions.
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Following Dorenbos' semi-empirical model, the energy of the first allowed 4f → 5d transition of the free RE ion is lowered by the crystalline environment, with a shift denoted D(A). This lowering is the sum of the spectroscopic redshift arising from the centroid shift of the RE 5d energy, ε c (A), and the crystal-field splitting, ε cf s (A), of the RE 5d states. For the Ce 3+ ion, the redshift D(A) can be written as
in which the ε c (A) is the centroid shift of the Ce 5d energy relative to the free ion, defined as follows:
In the above formula, α i sp is the spectroscopic polarization of anion i located at distance R i from the Ce 
where the electronegativity is
This formula is rationalized by considering that a cation of charge Z i will bind on average with Z i /γ anions of charge -γ. The summation is over all cations M in the compound, and N is the number of anions.
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Another parameter affecting the spectroscopic redshift is the contribution from the crystal field shift, 1 r(A) ε cf s (A). The crystal-field splitting ε cf s (A) is defined as the energy difference between the lowest and highest 5d levels. A fraction 1/r(A) contributes to the redshift, where r(A) usually varies between 1.7 and 2.4. The ε cfs (A) is determined as:
Here, β is a parameter related to the shape and size of the anion polyhedron coordinated to the Ce 3+ ion, and R av is the average distance between the Ce 3+ ion and anions in the relaxed structure. Based on D(A) and the energy of the first 4f → 5d transition of Ce 3+ as a free (gaseous) ion, 49340 cm −1 , the transition energy of Ce
3+
ion in compound A can be calculated as:
Compared
This equation indicates that the redshift of the 5d state of the Eu 2+ ion is smaller than the one of the Ce 3+ ion. The difference in slope by a factor 0.64 might be due to the effect of the remaining six Eu 4f electrons in the excited state and the intercept of 0.233 might be due to the different ionic radius of the two ions. Using Eq. (36), we propose a direct expression for the Eu 2+ ion in compound A:
where
Additionally, we assume that the fitting formulation for α sp and the value of β from the study of Ce 3+ -doped materials are still valid for the Eu 2+ -doped ones. Then, the redshift of Eu 5d state can be determined with available first-principles geometry information on the ground and excited states. Finally, the transition energy of Eu 2+ ion in compound A is:
where the first 4f → 5d transition energy of 34004 cm
for the free Eu 2+ ion is from Ref. [29] .
III. RESULTS AND DISCUSSION
We present successively, for the set of fifteen representative Eu 2+ -doped materials: (1) absorption and emission energies, and associated Stokes shifts; (2) energy barrier for 4f − 5d crossover; (3) FWHM of the emission peak, and also the temperature shift; and (4) the extension of Dorenbos' semi-empirical model to Eu 2+ -doped materials.
A. Absorption and emission energies, and associated Stokes shift. 
For SrLiAl 3 N 4 :Eu, a ground-state study has already been performed in Ref. 56 . To show the difference in the electronic band structure of ground and excited state using the ∆SCF method, a more detailed presentation has been given in the Appendix, including electronic structure plots. Similar data have been computed for all materials and can be obtained upon request to the corresponding author. Fig. 4 shows the comparison between theory and experiment leading to a mean relative error (MRE) of 3.8% and 2.3% for the absorption and emission energies, respectively (see Table II for more information). The Stokes shift is a much more sensitive quantity, resulting in a 40% mean relative error (MRE) with respect to experiment.
The calculated transition energies match experiment within 0.3 eV for all the fifteen materials. Moreover, the slope of the fitting line for the absorption and emission energy is quite close to unity which indicates a good predictive capability of the ∆SCF method for the transition energies of the Eu 2+ -doped phosphors. The obtained Stokes shifts give an error of about 20% in general. However, much larger errors are obtained for the eight cases shown in bold in Table I , which are less satisfactory. The origin of these larger errors might be due to the cation disorder in the crystal structure or to the inaccurate assessment of the absorption and emission spectra, but might also indicate an intrinsic limitation of the theoretical approach, which provides usually an accuracy of 0.3 eV for the transition energy. The Stokes shift arises from a modification of the local geometry around the Eu ion upon electronic excitation. Indeed the strongly localized 4f state is replaced by a more delocalized state with 5d dominance, inducing less screening of the ion positive charge, and thus greater attraction of the neighboring anions (e.g. Oxygen or Nitrogen). The local environment of the Eu 2+ ions in these eight com-pounds was checked to detect the possible origin of the large error in the Stokes shift. Unfortunately, we saw no obvious relationship between the eight compounds from the analysis of their coordination number, crystal environment and bond length. In addition to the fifteen Eu 2+ -doped materials, we also studied the case of Eu 2+ ion in the CaO host. In the excited state band structure with the ground-state geometry, the occupied Eu 5d state was not located inside the band gap, which indicates a non-luminescent character of the Eu 2+ ion in this host. Also, with the same value of U used for the other materials, the seven 4f states entered the valence band. Reducing the value of U succeeded in correcting this failure, but did not lead to a 5d state inside the band gap. This result is in opposition to the experimental observations. At present, the reason for this failure of the ∆SCF method is not clear. It might be due to the difficulty in finding the global energy minimum of the system, and/or the small DFT+U energy gap of the CaO:Eu. A more careful study should be conducted based on a higher-level computational methodology such as a hybrid functional or the GW method. Indeed one would obtain a better starting electronic structure, and consequently describe luminescence of Eu 2+ ion in this host. Taking into account such information, it can be concluded that the present study does not guarantee that the ∆SCF method would work well for every Eu-doped compound. Still, the general agreement for most of compounds encourages the use of the ∆SCF method based on the PBE exchange-correlation functional, provided that the Eu 4f and Eu 5d states are found in the band gap.
Going beyond the tabulation of results, we emphasize that the ∆SCF method can be a useful tool for the identification of luminescent center(s) sites give a rather similar optical behavior, which correlates well with the very narrow emission band in this red phosphor. This is explained by the very similar local environment of the two sites, both in terms of coordination (the Eu ion is placed inside a slightly distorted cube in both cases) and neighbour distances. More details are given in the Appendix, see e.g. Fig. A3 . In contrast, experiment shows two emission peaks in SrAl 2 O 4 :Eu 2+ . The high-energy emission peak is centered at 435 nm while the lower one is at around 500 nm. We indeed obtain theoretically two well-separated absorption and emission energies. The lower emission peak is from Eu 2+ ion at the Sr 2+ site which gives a perfect linear chain along the z direction of the SrAl 2 O 4 crystal. This result is consistent with the empirical assessment from experiment. Figure A1 and Figure A3, ) and FWHM (eV) from firstprinciples calculations. ME, MAE, MRE and MARE stand for the mean error, mean absolute error, mean relative error, and mean absolute relative error, respectively. The slope, intercept and coefficient of determination (R-Square) correspond to the least-square fitting lines shown in Fig. 4 for the transition energies and Stokes shift, and in Fig. 5 Thermal quenching behaviour is an important parameter in RE-doped phosphors, especially for high-power LED applications. The ratio between non-radiative recombinations and radiative ones increases with temperature. There is a debate in the literature about the dominant non-radiative mechanism. Two mechanisms have been proposed: the auto-ionization process and the 4f −5d crossover. In the former mechanism, the localized RE 5d electron has an increasing probability to be promoted to the conduction band minimum of the host with increasing temperature, so becoming delocalized and followed by non-radiative recombination happening at some defect sites in the host. The energy jump for the autoionization process of the RE 5d electron is E dC , as shown in Fig. 2 . At variance, the thermal quenching via the 4f − 5d crossover considers that the localized RE 5d electron can be transferred to a RE 4f state, in a highly excited vibrational state, after which the energy is released through a multiphonon process. A good indicator of the likelihood of this process is given by the energy barrier needed to reach the crosspoint of the energy potential surface of RE 5d and RE 4f states, in the 1D-CCD model. The corresponding energy barrier is indicated as E fd in Fig. 2 .
In the literature, following a simple semi-classical argument, a criterion has been proposed to quantify the possibility that, immediately after the excitation, the electron would have sufficient energy to propagate straightforwardly to the crossing point. Indeed, if E fd is smaller than E FC,e = E * g − E * e , the excited state Eu 5d electron would immediately have the opportunity to reach the 4f − 5d crossing point. This is often formulated by the following criterion for immediate non-radiative recombi-nation, in terms of a parameter Λ 49,50 :
This expression reduces to the comparison of E fd and E FC,e , provided that the curvatures are equal. For lower values of Λ, immediate thermal quenching by the 4f − 5d crossover mechanism is less likely, and both the radiative recombination and the auto-ionization mechanism will be competing.
In this section, we evaluate E fd for the Eu 2+ -doped phosphors. The theoretical method for the calculation of the E fd was explained in Section II D. Note the role of the ∆C parameter that might be such that the 4f and 5d states do not even cross. Table III lists the first-principles parameters as well as the Λ parameter and E f d results. The largest Λ parameter is less than 0.1, indicating the low probability of immediate 4f − 5d non-radiative recombination. All the values of E fd are above 1.5 eV, which is much larger than the experimental energy barrier of thermal quenching, usually found around 0.5 eV. Of course, such estimate is done within the 1D-CCD, which weakens our analysis. Still, these results indicate that the mechanism of 4f −5d crossover is likely not the major mechanism for the thermal quenching behaviour of the Eu 2+ -doped phosphor. We therefore infer that the auto-ionization process should be the dominant thermal quenching mechanism.
C. Full Width at Half-Maximum and Temperature Shift
Following the methodology mentioned in Section II C, we have computed the parameters of the luminescence spectrum shape line for the Eu 2+ -doped materials. The results are listed in Table IV . Fig. 5 shows the comparison between the experimental and theoretical results for the FWHM at room temperature. The statistical analysis of the results is shown in Table II , the rightmost column. The average absolute error of the room temperature FWHM with respect to experimental data is around 0.05 eV for a range of experimental values of 0.1-0.4 eV. There is reasonable predictive power in this approach.
However, discrepancies for selected cases (in bold) are nearly twice as big. The largest deviations are found for BaSi 2 O 2 N 2 :Eu (theory overestimates the experimental FWHM by a factor of three) and CaAlSiN 3 :Eu (theory underestimates the experimental FWHM by 30%). The theoretical underestimation of the FWHM might be due to different available phase structures or disorder. In particular, for CaAlSiN 3 :Eu, we assume that the discrepancy is due to cations partial occupancy in the crystal structure, 67,68 which leads to an inhomogeneous broadening of the emission peak. In the present work, the two ordered structures might fail to describe the complex environment surrounding the Eu 2+ site, resulting in a smaller FWHM compared to experiment.
We have also tested the possibility that non-harmonic effects could modify significantly the theoretical predictions for such compounds, nevertheless relying on the 1D-CCD methodology. Fig. 6 shows the potential energy curves of the ground and excited states in the CaAlSiN 3 :Eu and Ba 3 Si 6 O 12 N 2 :Eu, as a function of the Q coordinate, as described in Sec. IIC. These energy curves have been fitted by a second-order polynomial curve with constrained energy at Q g and Q e also constraining the location of the minimum of the curve, while the blue line is a least-square fit using a third-order polynomial curve. Table V lists the fitting parameters. As discussed in Sec. IIC, the FWHM from non-harmonic effect can be deduced from the ratio between the second derivatives at the minimum of the third-order polynomial curve and of the second-order polynomial curve, to the power -1/4. For the CaAlSiN 3 :Eu and Ba 3 Si 6 O 12 N 2 :Eu, the ratio between FWHM is calculated to be 0.94 and 0.99, respectively, which is quite close to unity and indicate the relative smallness of non-harmonic effect for the two compounds. Therefore, the change of FWHM from non-harmonic effect should be much smaller than the disorder effect in CaAlSiN 3 :Eu.
The reasons for the large errors in Sr[LiAl 3 N 4 ]:Eu and CaMgSi 2 O 6 :Eu are not clear at the moment. The description of the FWHM as well as thermal quenching behaviour in these four systems might require to go beyond the 1D-CCD, or to resort to a more advanced DFT approximation than the GGA, e.g. hybrid functionals.
At present, experimental FWHM data at low temperature (4 K) is not available for most of the systems. Therefore, the corresponding comparison between experiment and theory need further experimental contribution in the low temperature region.
Beside the information on the FWHM at low temperature, the 1D-CCD yields the modification of the spectrum shape with temperature, see Eq. (22) . Most of Eu 2+ -doped materials show blue shift with higher temperature. So far, the effect of spin-orbit coupling for the excited state of Eu 2+ ion has not been considered.
D. Fitting the Dorenbos' semi-empirical model
The accuracy of the ∆SCF method has been assessed by direct comparison between the calculated transition energies and Stokes shifts and the corresponding experimental data for the fifteen representative Eu 2+ -doped phosphors. In addition, the relaxed structures for the ground and excited states have been obtained. In this section, such structural information is used to fit the semi-empirical model parameters for the Eu 2+ ion proposed in the Section II D, and assess its predictive strength.
For the quantitative determination of the semiempirical model, two parameters are needed, the spectroscopic polarization α sp and the crystal-field splitting β. Among the fifteen compounds studied in Sec. III A, Fig. 7 shows the direct comparison between the semi-empirical model and experiment. The corresponding statistical analyses, examining a linear relationship between theory and experiment, have been performed. Detailed information is shown in Table VII . Reasonable results for most cases were obtained and indeed showed the predicting capability of the proposed semi-empirical method, while the above-mentioned limitation indicated that some additional work is needed on this model.
IV. CONCLUSION
In this work, the luminescence characteristics of fifteen representative Eu 2+ -doped materials have been systematically studied from first principles. The ∆SCF methodology, with CDFT (GGA-PBE+U) has been used to describe the ground-and excited-states of the Eu 2+ ion, from which transition energies and Stokes shift have been deduced. For all fifteen materials, the calculated transition energies match experiment within 0.3 eV, the 4f levels are located in the gap in the ground-state electronic structure, the upper (unoccupied) 4f and lower (occupied) 5d are also located in the gap in the excited (CDFT) state. This is however not the case for CaO:Eu, for which the method fails, as the 5d state does not enter the band gap when such methodology is followed.
The slope of the least-square fitting line adjusted to the experimental versus theoretical absorption and emission lines is close to unity, while the intercept is reasonably close to zero. The information on total energies and structure geometry were then used to provide an es- The red line is a fit using a second-order polynomial with constrained energy at Qg and Qe and constrained location of the minimum of the curve, while the blue line is a least-square fit using a thirdorder polynomial. Anharmonicities are weak for the ground state as well as for the Ba3Si6O12N2:Eu excited state, but more important for CaAlSiN3:Eu with M-I. However, even in this case, the effect develops mainly beyond Qe, and modify the estimated FWHM by 6%, as discussed in the text.
timate of the energy barrier for the thermal quenching via 4f − 5d crossover (E fd ) and FWHM of the emission band following the 1D-CCD. For the E f d , the calculated value for all the Eu 2+ -doped phosphors is above 1.5 eV, indicating that the auto-ionization is likely the dominant mechanism for the thermal quenching behaviour. For the FWHM, the calculated values at room temperature match experiment at room temperature with an average absolute error of around 0.05 eV, for a range of experimental values between 0.120 eV and 0.372 eV, despite the use of the crude 1D-CCD model for the analysis of electron-vibrational coupling. Finally, parameters from first-principles geometries (e.g. average nearestneighbours) have been extracted, and used in a semiempirical model. The obtained transition energies from this semi-empirical model were compared to the experimental data, giving an error above 0.5 eV for two of the materials. The predicting power of the semi-empirical model is found to be more limited in its accuracy and scope than the first-principles method. Its interest lies in the identification of the origin of the variation of absorption and emission energies and the physical interpretation of different geometrical quantities or polarisation of the ions. ) from the semi-empirical model. ME, MAE, MRE and MARE stand for the mean error, mean absolute error, mean relative error, and mean absolute relative error, respectively. The slope, intercept and coefficient of determination (R-Square) are determined by the fitting lines shown in Fig. 7 In this work, the first-principles calculations have been conducted using the supercell method. This method can take the deformation of the crystal structure in the ground-and excited-states into account, which is required for the calculation of the luminescence spectrum line shape and the FWHM. For each of the fifteen compounds, a detailed convergence study on the supercell size and k-point sampling has been conducted, and the parameters needed to obtain convergence within 0.1 eV for the transition energy, are shown in Table A1 Figure A1 shows the crystal structure of SrAl 2 O 4 and the local coordination environment of two nonequivalent Sr 2+ sites. For the CaAlSiN 3 compound, experimental results have shown that Al 3+ and Si 4+ cation ions are disordered in the crystal structure. Here, we use two symmetrical crystal models (M-I and M-II) to mimic the disordered structural geometry in Figure A2 , following the previous work of Mikami et al. outcome from the ∆SCF method. The crystal structure of SLA is shown in Figure A3 which is a highly condensed, rigid framework of ordered edge-and cornersharing AlN 4 and LiN 4 tetrahedra, with channels of four rings along [011] . These channels accommodate Sr 2+ ions to keep the neutral charge balance. There are two crystallographic Sr sites in this compound, each coordinated by eight N atoms in a highly symmetric cuboid-like environment. When doped, it can be expected that Eu 2+ ion will substitute the two Sr 2+ sites. In the later, Eu1 and Eu2 stand for the Eu 2+ ion on the Sr1 and Sr2 site, respectively. As an example of what typically is observed for the fifteen Eu-doped materials, the electronic band structures of SLA:Eu1 are presented in Figure A4 using the ∆SCF method. The results of SLA:Eu2 are quite similar to those of SLA:Eu1. In the ground state, there are seven flat bands occurring above the valence band maximum (VBM), not present in the undoped bulk, as shown in Figure A5 . The shape of the CBM also changes with respect to the host calculation. In particular, its orbital content has changed from the Sr 4d to the Eu 5d state. Still, in the ground-state band structure, we can identify that some flat band constituted mostly by Eu 5d states just above the CBM.
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In Fig. A6 , we present the LUMO and HUMO charge density of SLA:Eu1 at k=Γ in the excited state A * e . There is only one unoccupied Eu 4f state inside the band gap in the excited state, while seven occupied Eu 4f states exist in the ground state. From the analysis of the electronic band structure and charge density, we can see that the remaining six occupied Eu 4f states are down- shifted into the valence band when one Eu 4f electron is promoted to the Eu 5d state. This is an artifact of the DFT+U formalism, to which little physical significance can be attributed. We also notice that the Eu 5d states possess a low energy (large Eu 5d to CBM gap) in the excited state due to the electron-hole interaction present in the ∆SCF method.
Results for the two Sr[LiAl 3 N 4 ]:Eu cases are presented in Table A2 . We first note that both sites have similar total energies in the ground state A 0 . Thus, the Eu 2+ ion equally substitutes the two Sr 2+ crystal sites. The ∆SCF method gives transition energies within 0.1 eV of the experimental data and within 30% for the Stokes shift. The similar optical properties of the two inequivalent Eu 2+ substitution gives a narrow emission band. 
